The microwave-assisted synthesis of poly(glycolic acid-co-lactic acid) (PGLA) copolymers by ring-opening polymerization of glycolide (GA) and L-lactide (L-LA) was studied. The microwave irradiation time and feed ratios on the molecular weights, as well as the thermal properties of the copolymers were discussed. These copolymers were characterized by 1 H-NMR, GPC and DSC. It was found that the largest molecular weight ([η]: 0.8745 dL/g) of PGLA5050 was obtained at the irradiation time of 5 min. The color of the copolymers changed from white to light brown, and the yield was higher with the extension of the irradiation time. The molar component ratio of GA in PGLA (F G ) was higher than the initial GA feed ratio (nGA) in the raw materials. As the nGA content increased, the glass transition temperature (T g ) of the copolymers decreased and the melting temperature (T m ) of the copolymers increased.
Introduction
Poly(glycolic acid-co-lactic acid) (PGLA), a kind of aliphatic polyester, can completely biodegrade into CO2 and H2O. It is wholly harmless and nontoxic to the environment. At the same time, PGLA has excellent biological compatibility and biological resorbability, which provide it with extensive applications in many fields such as medical sutures, bone fixation materials, and drug-delivery microspheres, among others [1] [2] [3] [4] . Most of PGLA is obtained from the ring-opening polymerization (ROP) of glycolide (GA) and L-lactide (L-LA). However, the copolymerization requires long hours [1, [5] [6] . Thus, shortening the reaction time is a meaningful task in the PGLA copolymerization.
Microwave technology is a green method for chemical synthesis because of its high efficiency and homogeneous heating [7] . Some polymerization reactions are also significantly improved by microwave energy, so some microwave-assisted preparations of biodegradable polymers have been studied [8] [9] [10] . Although many methods have been established [1, [5] [6] , to our best knowledge, no data are available in the literature with respect to the microwave-assisted ring-opening polymerization (MROP) of PGLA from GA and L-LA. Furthermore, an extensive study on PGLA directly synthesized via MROP, including the effects of different nGA/nL-LA (nGA: the initial GA feed ratio; nL-LA: the initial L-LA feed ratio) values (ranging from 90/10 to 10/90) on the properties of PGLAs, has not been reported. Therefore, in this paper, a series of PGLA copolymers with different nGA/nL-LA feed ratios were prepared by ring-opening polymerization under microwave irradiation condition. We also investigated the effects of reaction conditions including microwave irradiation time and nGA/nL-LA feed ratio on the properties of the copolymers. These copolymers were systematically characterized with gel permeation chromatography (GPC), 1 H-NMR spectroscopy, and differential scanning calorimetry (DSC).
Results and discussion
As reported previously, it was found that Sn(Oct)2 and polyol worked as catalyst activator and chain control agent, respectively [1] . The reaction temperature played an important role in the properties and color of the copolymers. It was reported that the high reaction temperature led to the thermal degradation and the deep color of the products; inversely, the low reaction temperature led to a smaller yield [6, 10] . Considering these factors, we chose 120 °C as the copolymerization temperature with 0.03% (mol/mol) Sn(Oct) 2 and 0.01% (mol/mol) octadecanol as the initiating system.
Influence of irradiation time on the MROP of PGLA copolymers
The influence of microwave irradiation time on the intrinsic viscosity of PGLA5050 was studied and the results are shown in Table 1 . It was obvious that the MROP was rapid within 10 min in all of the polymerization processes. The [η] of the products increased rapidly and reached the maximum (0.8745 dL/g) after the reaction lasted for 5 min (Run 2), then it decreased with an extension of the irradiation time. With the reaction time increased to 9 min, the [η] of the copolymer decreased to 0.7625 dL/g. From Table 1 , it was also found that the yield increased with the extension of the microwave irradiation time. When the irradiation time was 3 min, the yield was up to 83%, and with the irradiation time extended to 9 min, the yield increased to 89%. There is no significant difference between the two results, because the rapid polymerization property of the microwave-assisted reaction caused a fast reaction speed and high yield could be obtained only in a short time. From Table 1 , as the irradiation time was increased, the color of the copolymers changed from white to light brown. Owning to its high efficiency and homogeneous heating, MROP has the characteristics of rapid polymerization. However, if the irradiation time was too short, there still remain parts of monomers which did not react, thus, the copolymerization was insufficient. If the irradiation time was longer than 5 min, the monomers had enough time to react, thus, the copolymerization was sufficient. At the same time, for the long microwave irradiation time and the heat from the exothermic reaction, the inner temperature of the copolymer was so high that thermal degradation happened. The thermal degradation led to unzip the copolymer to low molecular weight polymer and the carbonization of the non-reaction monomer, thus, the [η] of the copolymers decreased and the color of the copolymers changed from white to light brown.
According to the results, the irradiation time of 5 min of the copolymerization under microwave irradiation seemed to be optimal. It provided a valuable reference in the synthesis of GA and L-LA based copolymers through microwave-assisted ringopening polymerization.
Influence of nGA/nL-LA feed ratio on the MROP of PGLA copolymers
To study the basic properties of copolymers at the same reaction condition, a series of PGLA copolymers with different nGA/nL-LA feed ratios were synthesized by MROP using 0.03% (mol/mol) Sn(Oct) 2 It is not surprising to note that the different feed ratios of the copolymers had different solubility's in organic solvents. When the nGA content was more than or equal to 75%, the copolymer could not be dissolved in CHCl3. Thus, the GPC measurements with CHCl3 as the solvent only tested the PGLA with nGA values ranging from 10 to 50%. Other copolymers are only dissolved in hexafluoroisopropanol (HFIP). The GPC test results and [η] are listed in Table 2 . These copolymers had higher [η] values than the corresponding literature results [5, 6] , and the yields were higher than other microwave-assisted polymerizations in the literature [10] . From Table 2 , it was found that the different PGLA copolymer had different yield in the same reaction condition. As is known, the GA had a higher reaction activity than L-LA in the copolymerization. Thus, the copolymerization of high nL-LA content needed more microwave irradiation time to react, which could increase the yield. All PDI values were about 2, and the GPC flow curves had only single peaks. Thus, the MROP of GA and L-LA indeed only produced the PGLA copolymer and not any PGA or PLLA homopolymer.
The
1 H-NMR spectrum of PGLA7525 (Run 1) is shown in Fig. 1 . According to Gilding and Reed [1] , this figure is similar to their study's literature results (the chemical shift of CH was near 5.19 ppm, and the chemical shift of CH 2 was near 4.85 ppm). The molar component ratio of the GA segment in PGLA (F G ) was calculated and shown in Table 3 . Obviously, the F G results calculated from the 1 H-NMR spectrum were higher than the nGA data in the initial feed ratio. This phenomenon provided evidence that GA had a higher reaction activity than L-LA in the copolymerization process. The DSC curves of the PGLA9010 copolymer is shown in Fig. 2 ; all of these are typical DSC curves which could show the glass transition temperatures (T g ), melting temperature (T m ) and melting heat (ΔH). The results of the thermal properties of PGLAs are shown in Table 4 . From the data on T m and ΔH, it was found that the copolymers could crystallize when the nGA/nL-LA value was higher than 75/25 or lower than 25/75. The T g were 52.5, 51.7, 44.8, 44.2, and 42.0 °C for different nGA/nL-LA feed ratios. As nGA was increased, the T g of PGLA gradually decreased. At the same time, T m was 143.6, 175.1, and 204.9 °C , respectively. These data increased with increase in nGA content. It was reported that the T g of PLLA and PGA was 55 and 35 °C [11] , respectively. When these monomers copolymerized randomly, the copolymers had T g values between 55 and 35
°C
. At the same time, the random copolymerization disordered the configuration of the molecular chains, leading to a decrease in crystallinity, even to appearance of amorphism. For the methyl on the side chain of L-LA, the GA chains crystallized easier than the L-LA chains. Thus, when the GA content was high, the copolymer could crystallize and had a high ΔH value. However, a small amount of GA present in the copolymers was not sufficient to destroy totally the configuration of the L-LA molecular chains, so the PGLA1090 with 14.8% GA in the configuration also crystallized. 
Conclusions
In conclusion, we have obtained the whole series of PGLAs through microwaveassisted ring-opening polymerization of GA and L-LA. We found that PGLA5050 had the largest [η] (0.8745 dL/g) at the irradiation time of 5 min. As the irradiation time was increased, the color of the purified products became deeper and the yield became higher. The molar component ratio of GA in PGLA (F G ) was higher than the nGA data in the initial feed ratio. With the increase in nGA content, the glass transition temperature (T g ) of the copolymers decreased and the melting temperature (T m ) of the copolymers increased.
Experimental part

Materials
Glycolide (≥99.5mol %) was purchased from GLA Co., Ltd (Beijing, China). L-Lactide (≥99.5mol %) was prepared in our own laboratory. Hexafluoroisopropanol (≥99.9%) was purchased from DuPont Chemical Solutions Enterprise (American). Chloroform (analytical reagent), toluene (analytical reagent) and ether (analytical reagent) were purchased from Guangdong Guanghua Chemical Factory Co., Ltd (Guangdong, China). All of these materials were used as received. /min and kept isothermal for 2 min to erase any previous thermal history, then, cooled from 180/220 to 0 °C and subsequently heated from 0 to 180/220 °C at the same rate.
Polymerization
The polymerization was carried out in a MAS-Π microwave oven (Shanghai Sineo Microwave Chemistry Technology Co., Ltd.). Typically, 5.00 g of GA, 6.21 g of L-LA (PGLA5050), 0.03% (mol/mol) Sn(Oct) 2 , and 0.01% (mol/mol) octadecanol were added to a vial. This was sealed using a long-neck pipe connected to an oil pump to remove the moisture, oxygen, and solvent until the pressure was reduced to below 10 Pa. Then, the vial was filled with nitrogen and heated up to 105 °C with a silicone oil bath in order to melt the monomers. Afterward, it was transferred into the microwave oven and was preheated to 105 °C with a power of 200 W in 1 min. The copolymerization temperature was increased to 120 °C with a power of 300 W, and the copolymerization was carried out for 3 to 9 min. The cooled crude products were dissolved in chloroform or HFIP and precipitated with ether. These precipitates were dried under vacuum at 40 °C to a constant weight for analysis.
